Single-molecule FRET has been widely used for monitoring proteinnucleic acids interactions. Direct visualization of the interactions, however, often requires a site-specific labeling of the protein, which can be circuitous and inefficient. In addition, FRET is insensitive to distance changes in the 0-3-nm range. Here, we report a systematic calibration of a single molecule fluorescence assay termed protein induced fluorescence enhancement. This method circumvents protein labeling and displays a marked distance dependence below the 4-nm distance range. The enhancement of fluorescence is based on the photophysical phenomenon whereby the intensity of a fluorophore increases upon proximal binding of a protein. Our data reveals that the method can resolve as small as a single base pair distance at the extreme vicinity of the fluorophore, where the enhancement is maximized. We demonstrate the general applicability and distance sensitivity using (a) a finely spaced DNA ladder carrying a restriction site for BamHI, (b) RNA translocation by DExH enzyme RIG-I, and (c) filament dynamics of RecA on single-stranded DNA. The high spatio-temporal resolution data and sensitivity to short distances combined with the ability to bypass protein labeling makes this assay an effective alternative or a complement to FRET.
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cis-trans isomerization | DNA-protein interaction | RNA-protein interaction | label free protein S ingle-molecule Förster resonance energy transfer (FRET) has been a powerful tool in probing protein-nucleic acid interactions as demonstrated by numerous studies revealing unexpected dynamic movement and conformational changes of proteins that cannot be resolved by conventional ensemble techniques (1) (2) (3) (4) . Despite such advantages, FRET measurement is often limited to proteins that can be site-specifically labeled and the protein's interaction with the corresponding DNA or RNA in a FRETsensitive distance range of 3 to 8 nm (5) . The conjugation of fluorescent dye to a protein involves mutagenesis (6) and/or chemical modifications (7) , which may disrupt the structure and function of the protein. Furthermore, the labeling procedures are not straightforward and are often labor intensive yet with a low yield.
Recently we developed an alternative single molecule assay termed protein induced fluorescence enhancement (PIFE) whereby the emission of a fluorescent dye reports on its proximity to an interacting protein; i.e., the dye becomes brighter when a protein approaches its vicinity (8) . This photophysical effect was originally employed in stop flow measurement (9) for monitoring directional movement of DNA motor proteins in ensemble (10-13), for following the dynamics of DNA and RNA polymerases on DNA (14, 15) , and for detecting the motion of helicases on RNA or DNA at the single-molecule level (16, 17) . This photophysical characteristic is exhibited by fluorophores such as Cy3, which undergoes cis-trans isomerization reaction. External factors such as protein reduce the rate at which the fluorophore isomerizes from the photo-active trans state to the photo-inactive cis state, resulting in an increase of quantum yield as well as in the fluorescence lifetime (18) (19) (20) . For example, the RIG-I protein binding and unbinding to the double-stranded RNA (dsRNA) substrate bearing Cy3 or DY547 fluorophore was visualized as an abrupt increase and decrease in fluorescence intensity, respectively, whereas the ATP-driven translocation movement was seen as gradual fluctuations in the signal (16) . In this report, we present a systematic characterization of the distance sensitivity of PIFE assay by using three protein systems, BamHI, RIG I, and RecA.
Results
BamHI Displays PIFE Sensitivity in 10 Base Pair Range. We employed a restriction enzyme, BamHI, which binds to a unique recognition sequence (GGATCC) on double stranded DNA (dsDNA). We chose this system because it enables precise positioning of the protein at a known distance away from the fluorophore, and the rigidity of dsDNA allows for accurate distance estimation. We designed 40 base pair (bp) dsDNAs bearing the Cy3 fluorophore at one end and BamHI recognition sites at 1, 2, 3, 5, 7, 10, 12, and 15 bp away from the Cy3 and biotin at the other end (Fig. 1A) . Each DNA construct was immobilized to a polymercoated quartz surface via biotin neutravidin attachment. DNA intensities were measured to confirm that DNA alone does not display signal fluctuations. Over 95% of the single molecule traces reveal that the intensity is stable over a 2-to 3-min period without signal fluctuations. In addition, the overall intensity histogram obtained from DNA only data serves as a reference to which PIFE data is compared (Fig. S1A) .
PIFE data is taken by flowing in the buffer (50 mM Tris-HCl pH 8, 10 mM CaCl 2 , 100 mM NaCl) containg BamHI (800 nM) to the DNA bound surface while maintaining the laser excitation level and the illumination field constant to minimize any external perturbation to the fluorescence signal. Calcium was used in place of magnesium to prevent BamHI-mediated cleavage. In this way, we were able to observe the site-specific labeling of BamHI without DNA cleavage. As a functional test, magnesium was added to trigger the cleavage at the end of the experiment. Upon addition of BamHI to DNA, Cy3 signals became brighter immediately (Fig. S1B) . Fig. 1B , Upper, shows a representative single molecule trace taken from a DNA containing the 1-bp-away site, which shows a dynamic fluctuation in Cy3 signal, indicating a frequent binding and dissociation of BamHI. Such effect is more pronounced for 1-and 2-bp-away sites due to the unstable binding expected from the short flanking sequence on DNA (21) . The intensities collected from a single molecule was normalized to the lower, i.e., unbound, intensity value and plotted as a histogram ( Fig. S2) with the x axis in the unit of "fold increase in intensity" (Fig. 1B, Lower) . The cumulative histogram from 200 individual molecules is shown in Fig. 1C . The intensity fold increase analyzed from all the sites displayed a distance dependence in the range of 1 bp to 10 bp with the maximal increase of 2.7-fold at the closest (1 bp) site. The maximal fold increase of fluorescent signal was independent of the laser intensity applied (Fig. S3) . The large difference seen between 1 bp and 2 bp, which may be in part due to the asymmetric binding of BamHI to dsDNA helix (21) , clearly indicates that PIFE can resolve a single bp distance, especially in the extreme vicinity of the fluorophore (Fig. 1D ). Fluorescence lifetime measurements performed on the same set of DNA constructs also show a similar distance-dependent relationship ( Fig. 1E) (19) . Such changes were not observed with Cy3B, a nonisomerizable analog of Cy3, supporting the cistrans isomerization as the basis for the PIFE effect ( Fig. 1 D and E). Cy5, which also possesses the isomerizable linkage, showed 1.9-fold increase for the 1 bp site (Fig. S4) . BamHI binding to the 35-bp-away site yielded about 1.3-fold increase, which is consistent with the residual enhancement obtained for the 12-bp-and 15-bp-away sites ( Fig. 1D and Fig. S5A ).
As control experiments, we tested two nonspecific restriction enzymes, HindIII and XhoI, which rendered extremely low (<5%) and transient binding occurrences, yielding broad distribution in histograms as expected from random contact with DNA ( Fig. S5 B and C).
RIGh Translocation Data Provides a Continuous PIFE Detection within 12-bp Distance. Next we sought to determine the distance dependence of PIFE using a motor protein, RIGh (truncation mutant of RIG I) (8) . Triggered by 5′-triphosphate moiety, this antiviral protein translocates along a dsRNA and DNA∶RNA heteroduplex at an accelerated rate in an ATP dependent manner. The RIGh translocation data taken from 20, 30, and 40 bp labeled DNA∶RNA hybrid with Cy3 label were analyzed to determine the distance sensitivity of PIFE ( Fig. 2A) . We chose this system because (i) the PIFE effect of RIGh can be directly compared to the BamHI data because they both interact with a duplex nucleic acid, (ii) the translocation of RIGh yields a continuous readout of PIFE as the protein moves along the duplex axis, (iii) the highly repetitive cycles of translocation exhibited by RIGh enables monitoring multiple rounds of translocation signals from one RNA molecule, which reduces the level of heterogeneity in the data analyzed. The single molecule trace shows an abrupt increase followed by a gradual decrease, which is interpreted as RIGh binding the substrate adjacent to the Cy3 fluorophore and its translocation on the 40-bp duplex, respectively. The highest and the lowest intensity values collected from 80 traces indicate the maximal increase of 2.6-fold in intensity, which is similar to the case of BamHI (Fig. S6 ). This result indicates that the maximum increase of 2.6-to 2.7-fold intensity obtained from BamHI and RIGh may not be protein-dependent but more general.
To obtain PIFE sensitive distance range, translocation events of similar periodicity were selected from 40 traces (Fig. 2B) and overlaid for 20, 30, and 40 bp (Fig. 2C) . First, we calculated the binding occupancy of RIGh using the translocation dwell times of 20, 30, and 40 bp (Fig. S7) . Assuming that RIGh protein translocates with a constant speed and through the entire length of the duplex of 20, 30, and 40 bps, we sought to calculate the length of duplex occupied by the protein. We performed dwell time analysis by taking peak-to-peak interval in PIFE traces obtained from the single-molecule experiments. (Fig. 2B) The average dwell times were plotted against the length of duplex and the x-intercept of 5 bp was interpreted as the binding occupancy. The resulting 5-bp binding occupancy indicates that we observe 15-, 25-, and 35-bp translocation of RIGh in single molecule PIFE traces. The overlay plot in Fig. 2D displays a linear decrease in the initial phase (gray bar) followed by a departure to a nonlinear pattern. To translate the time of translocation to the number of bp translocated, and hence the distance in nanometers, we performed linear regression analysis that revealed that the linear phase corresponds to approximately 12 bp, which is similar to the distance range observed with BamHI (Fig. S8 ). In addition, the sharp drop seen in the first two data points is likely due to the protein movement of 1 bp as seen in the BamHI case. Taken together, the PIFE assay allows detection over a 0-to 4-nm distance range, and the shape of PIFE along this distance may be proteindependent. In addition, the level of fluorescence enhancement is likely to depend on the type of protein and the nature of proteinnucleic acid interaction. Therefore the distance dependence we provide based on the two protein systems should be considered a rough calibration
RecA Monomer Binding Is Visualized by PIFE Change on SingleStranded DNA. Next, we used RecA, which forms filament along ssDNA, to investigate the PIFE effect on ssDNA. We employed the experimental condition used by Joo et al. where single monomers of RecA binding on ssDNA was visualized by FRET (1). We used a partially duplexed DNA with a 3′ Cy3-labeled 13-nucleotide (nt) tail length to which up to four RecA molecules can bind (Fig. 3A) .
We optimized the illumination to obtain a narrow peak with well defined intensity for DNA-only condition (M 0 in Fig. 3 B and C). The representative single-molecule trace shows multiple levels of intensities induced by RecA monomers binding and dissociation as expected from the low protein concentration applied (10-50 nM) (Fig. 3B) . We selected 200 traces that exhibited intensity fluctuations and generated a histogram of the normalized intensity using a cluster analysis (Fig. S9) . Five well-separated histogram peaks emerged, which represents DNA-only, one, two, three, and four monomer bound states (Fig. 3C) . The normalized intensity data collected from five independent measurements yields highly reproducible PIFE changes of M 0 to M 4 distribution (Fig. 3D) . Similarly, lifetime measurement showed multiple states corresponding to the status of RecA monomer binding (Fig. S10) . Overall, the higher intensities observed in case of ssDNA (RecA) than dsDNA (BamHI, RIGh) can be partially attributed to the flexibility of ssDNA, which allows it to physically interact with the protein more efficiently, but the major contribution is likely due to the filament formation of RecA, which substantially raises the local viscosity around Cy3. Our result demonstrates that PIFE can be used to monitor ssDNA binding proteins with high sensitivity. Due to the flexibility of ssDNA, we cannot determine the distance sensitivity from this experiment. Therefore our RecA data points to the feasibility of using PIFE for single stranded DNA binding protein study rather than providing a calibration.
Discussion
Biological interactions involve a wide range of distance changes between molecules. Cytoskeletal motors such as kinesin takes 8-nm steps across several micrometer-long microtubule axis (22) , whereas DNA motors such as RNA polymerase and helicase move with a single-nucleotide step on DNA (23, 24) . The PIFE method offers an efficient tool for exploring protein-protein or nucleic acid-protein contact by providing the signal within the experimentally useful range for this application. So far, PIFE effect was exhibited in dyes that possess cis-trans isomerizable carbon linkage such as Cy3, Cy5, and DY547 (16), whereas PIFE was not seen in Cy3B, which lacks this chemical structure. Based on these observations, we predict that the isomerizable fluorophores such as Dy548, Dy549, Alexa (25) series, and other Cyanine dyes will also have PIFE effect, whereas the nonisomerizable dyes such as Dy555 and Bodipy dyes will not (26) .Here we present a systematic calibration of a unique single-molecule technique PIFE that displays a sharp distance sensitivity under 4-nm range, where FRET signal is insensitive (Fig. 4) . Furthermore, the PIFE method expands the capacity of single-molecule fluorescence detection to an extensive degree, primarily because one can bypass the protein labeling. This makes PIFE a readily available tool for probing motions of nucleic acid motor proteins as an alternative or complement to FRET. Combined with FRET, PIFE is expected to reveal hidden dynamics in short distances such as several base pairs and nucleotides.
Materials and Methods
BamHI Substrates. Oligonucleotides required to make the DNA duplex substrates were purchased from IDT DNA. The sequences used are listed with the BamHI recognition site colored in red ( Table 1 ). The 35-bp site construct used for a control experiment had the following sequence: 5′ CGT ATG GAT CCA TAC GTA GCG TAG CGT AGC GTA GCG TAG G/Cy3 3′ and 5′ CCT ACG CTA CGC TAC GCT ACG CTA CGT ATG GAT CCA TAC G/3BiosG 3′. Cy3B 5-bp site DNA was achieved via labeling of amino modified oligonucleotides with Cy3B monofunctional N hydroxysuccinimidyl (NHS) ester, following the instructions of the supplier (GE Lifesciences). Briefly, 10 nmoles of amino modified oligonucleotides in 20 uL of 50 mM sodium tetraborate buffer pH 8.5 and 100 nmoles of Cy3B NHS ester dissolved in DMSO was added and incubated with rotation overnight at room temperature. The labeled oligonucleotides were purified by ethanol precipitation. The complementary DNA strands were annealed by heating at 95°C for 2 min and slowly cooled to room temperature.
RIGh and RecA Reaction Condition and Substrates. RIGh reaction conditions and constructs were described in previous work (8) . RecA reaction conditions were conducted as described in Joo et al. (1) . The DNA used in this assay was a partially duplexed DNA with18 mer duplex (5′ GCC TCG CTG CCG TCG CCA biotin 3′ and 5′ TGG CGA CGG CAG CGA GGC (T)13-3′) and 3′ poly T tail of 13 nucleotide.
Slide Preparation for Single-Molecule Experiment. Both single-molecule PIFE and lifetime experiments were carried out on quartz slides. To minimize surface interactions with the protein, quartz slides and cover slips were coated with polyethylene glycol (PEG). Briefly, the slides and coverslips were cleaned and treated with methanol, acetone, KOH, burned, treated with aminosilane, and coated with a mixture of 3% m PEG and 97% biotin PEG (6).
Single-Molecule PIFE Measurement. Prism type total internal reflection microscopy was used to acquire single molecule PIFE data. A 532-nm Nd∶YAG laser was guided through a prism to generate an evanescent field of illumination. A water-immersion objective was used to collect the signal and a 550-nm long pass filter was used to remove the scattered light. Cy3 signals were collected using a 630-nm dichroic mirror and sent to a CCD camera. Data were recorded, at a time resolution of 0.01 s, as a stream of imaging frames and analyzed with scripts written in IDL to give fluorescence intensity time trajectories of individual molecules (6) . /5BiosG/ CCT ACG CTA CGC TAC GCT ACG CTA CGT ATG GAT CCA TAC G BamHI Reaction Conditions. Standard reaction buffer was 50 mM Tris-HCl pH 8.0, 10 mM CaCl 2 , 100 mM NaCl, with an oxygen scavenging system (1 mg∕mL glucose oxidase, .4% (w∕v) D glucose, 0.04 mg∕mL catalase, and 1% v∕v 2-mercaptoethanol). Measurements were performed at room temperature, 21°C). BamHI (Invitrogen) was made to 800 nM in the reaction buffer and then added to a chamber that had 100-pM DNA immobilized on a polymer-coated quartz surface via biotin neutravidin linkage (5).
Single-Molecule Lifetime Measurements. As described previously in the manuscript, single molecule lifetime measurements were taken with a home-built confocal pulsed laser with a piezo controlled electric stage (19) . The laser beam was divided and split into two pathways, the first being sent to a photodiode and the second one reflected into a dichroic mirror and focused on the sample by an oil immersion objective. Emitted light was collected by the objective lens, focused on the pinhole, and then imaged onto the avalanche photodiode (APD). The signals from the APD and photodiode were sent to a time correlated single photon counting (TCSPC) device. The analysis of the lifetime was fitted in the fixed bin range with single exponential decay using a maximum likelihood estimator algorithm, as stated (19) . The total number of photons collected in each histogram was 500. All measurements were taken at room temperature, 21 AE 1°C.
Normalization Data Analysis for PIFE. Single-molecule fluorescence time trajectories were viewed and analyzed using Matlab. Binding events were selected for BamHI protein system, while the minimum and maximum values from translocation events were selected for the RIGh translocation system. In both cases, the fluorescence intensities were binned and fitted to two Gaussian distributions, representing the intensities of the DNA-only region and that with protein bound. A fold increase was calculated with BamHI and each DNA construct to get the distance sensitive curve shown in Fig. 1D . For the RIGh data, further analysis was done to determine the PIFE sensitivity that was encoded in each translocation event. Assuming that RIGh translocates on dsRNA at a constant rate, dwell times of each event were taken and plotted for the 20-, 30-, and 40-bp duplex lengths. The dwell times were then fitted to a line, which x intercept represents the binding occupancy of RIGh (Fig. S7) . The translocation traces from the 20-, 30-, and 40-bp duplex length were averaged. The least square regressions were taken of the intensity from the start of the translocation onset. A regression value close to 1 signifies that the values lie in a straight line. Thus, the translocation signals remain linear until 0.51 s, after which the r-value decreases dramatically (Fig. S8A) . We used 0.51 s to calculate the linear portion for each duplex length to obtain that PIFE is sensitive until approximately 12 bp on the RIGh translocation system (Fig. S8B) .
Clustering Data Analysis for PIFE. Traces that showed the DNA-only intensity level and at least three additional states were selected (Fig. S9) . A k-means clustering algorithm from Matlab was applied with four states. K-means clustering was implemented again, with five monomer states, to obtain fold increases on each monomer binding state. These distinct states remain consistent over different experimental conditions, included varying protein concentration from 10-nM RecA to 50-nM RecA.
